Wilson disease (WD) is an autosomal recessive disorder of copper metabolism manifesting with hepatic, neurological and psychiatric symptoms. The limitations of the currently available therapy for WD (particularly in the management of neuropsychiatric disease), together with our limited understanding of key aspects of this illness (e.g. neurological vs. hepatic presentation) justify the ongoing need to study WD in suitable animal models. Four animal models of WD have been established: the Long-Evans Cinnamon rat, the toxic-milk mouse, the Atp7b knockout mouse and the Labrador retriever. The existing models of WD all show good similarity to human hepatic WD and have been helpful in developing an improved understanding of the human disease. As mammals, the mouse, rat and canine models also benefit from high homology to the human genome. However, important differences exist between these mammalian models and human disease, particularly the absence of a convincing neurological phenotype. This review will first provide an overview of our current knowledge of the orthologous genes encoding ATP7B and the closely related ATP7A protein in C. elegans, Drosophila and zebrafish (Danio rerio) and then summarise key characteristics of rodent and larger mammalian models of ATP7B-deficiency.
2005; Braiterman et al. 2009; Lalioti et al. 2016) , whereas under conditions of copper overload, ATP7B moves to lysosomes, facilitating lysosome-mediated exocytosis and release of copper in bile (Polishchuk et al. 2014) . The targeting of ATP7B to late endosomes have also been reported (Harada et al. 2005) .
The specific roles of ATP7B in the brain, kidneys, lungs and eye are much less understood and may involve buffering of Cu levels in the cytosol and regulating the amount of copper available for other copper-containing enzymes. Mutations in ATP7B impair biliary copper excretion and copper incorporation in ceruloplasmin. This leads to hepatic copper overload, with subsequent accumulation of copper in other organs including the brain, kidney and eye (Ala et al. 2007) .
In the liver, copper toxicity can manifest either as acute fulminant hepatic failure or as chronic hepatitis with progressive fibrosis and cirrhosis (Ostapowicz et al. 2002; Huster 2010) . Copper accumulation in the liver is associated with deteriorating liver function (as evidenced by elevated serum transaminases), inflammation, ballooning of hepatocytes, enlarged nuclei, fibrosis and frequent steatosis. We refer to excellent recent reviews focusing on the hepatic aspects of WD for more detail (Rosencrantz and Schilsky 2011; Harada 2014) . The presentation of neurological WD is variable, with symptoms including dysarthria, tremor, dystonia, gait disturbance and rigidity (Machado et al. 2006; Bandmann et al. 2015) . The most commonly reported psychiatric disorders in WD include depression, anxiety, irritability, cognitive impairment and personality change with disinhibition (Dening and Berrios 1990; Svetel et al. 2009 ). Neurological and psychiatric presentations are particularly difficult to diagnose, leading to sometimes very significant delays of many months or even years in the initiation of treatment (Merle et al. 2007; Zimbrean and Schilsky 2014) .
The diagnosis is typically first prompted by clinical observations, including the presence of characteristic Kayser-Fleischer rings (commonly observed in patients with neurological symptoms, but present in less than half of hepatic patients). Reduced serum ceruloplasmin and increased 24-h urinary copper levels can then confirm the clinical diagnosis. Magnetic resonance imaging and direct genetic testing are also increasingly used in the diagnosis of WD. Direct analysis of hepatic copper content following biopsy should typically be reserved for patients with the hepatic presentation (Weiss and Stremmel 2012) .
Without treatment, WD is fatal (Weiss and Stremmel 2012) . The mainstay of management is lifelong copper chelation (trientine, penicillamine and tetrathiomolybdate) or zinc salt therapy (Bandmann et al. 2015) . Zinc therapy is of limited use as initial treatment but can be of use as follow-on treatment to copper chelation or in individuals with preclinical WD (typically clinically unaffected siblings). Importantly, neurological worsening can be seen with all currently available treatments. Outcomes for neuropsychiatric manifestations are least favourable, with over one-third of patients with neurological disease failing to improve with treatment and up to 70% of patients experiencing mental illness after the initiation of treatment (Merle et al. 2007; Weiss et al. 2013; Zimbrean and Schilsky 2014) .
The limitations of the currently available therapy for WD, together with our limited understanding of key aspects of this illness (e.g. neurological vs. hepatic presentation) justify the ongoing need to study WD in suitable animal models. This review will first provide an overview of our current knowledge of ATP7B and the closely related P 1B -type copper-transporting adenosine ATPase 1 (ATP7A) in Caenorhabditis elegans (C. elegans), Drosophila and zebrafish (Danio rerio) and then summarise key characteristics of rodent and larger mammal models of ATP7B deficiency. Wherever possible, we have tried to emphasize clinically relevant aspects of each animal model for WD with particular emphasis on hepatic versus neurological manifestation and treatment response.
Caenorhabditis elegans, Drosophila and Danio rerio
Small animal models are relatively inexpensive and can provide a wealth of information about key physiological processes and suggest disease mechanisms (Lenartowicz et al. 2015) . Figure 1 demonstrates the evolutionary relationship of the copper-transporting P-type ATPases of commonly used animal models for human disease. Round worms (C. elegans) and fruit flies (Drosophila melanogaster) both have just one copper-transporting P-type ATPase, orthologous to both ATP7A, the Menkes disease protein, and ATP7B (Sambongi et al. 1997; Norgate et al. 2006) . Xenopus and Danio rerio (zebrafish) have orthologues of both ATP7A and ATP7B (Mendelsohn et al. 2006) .
Drosophila has one copper-transporting ATPase, Drosophila melanogaster orthologue of ATP7 (DmATP7). DmATP7A has 49.9% sequence identity to both ATP7A and ATP7B, with conservation of key motifs including the catalytic site, metal-binding sites and transmembrane regions (Southon et al. 2004) . DmATP7 is expressed in the midgut, Malpighian tubules (analogous to the kidneys) and in neuronal tissue (Burke et al. 2008) . Inactivation of DmATP7 causes copper to accumulate in cells, whereas over-expression reduces copper toxicity, suggesting that DmATP7 plays a role in efflux of excess copper (Southon et al. 2004; Balamurugan et al. 2007 ). DmATP7 does not appear to traffic under altered copper conditions and remains localised to the basolateral membrane (Burke et al. 2008) . DmATP7 is also required for the dietary uptake of copper from the midgut (Norgate et al. 2006) . Bahadorani et al. (2010) used RNA interference to silence DmATP7 selectively in the digestive tract. This procedure produced a copper-deficiency phenotype with resultant neurodevelopmental defects, including impaired larval growth and survival. Lethargy and reduced pigmentation in adults suggests that DmATP7 is also required for the delivery of copper to cuproenzymes, including those required for neuronal function and pigmentation. Altogether the phenotype resembles the loss of ATP7A function in human patients with Menkes disease. Menkes disease is an X-linked recessive disorder characterised by copper deficiency, neurodegeneration, connective tissue disorder, 'kinky' hair and hypopigmentation (Tumer and Moller 2010) . Thus, using Drosophila to model human WD is unlikely to be informative. However, this model may yield useful insights into the evolution of the coppertransporting ATPases and their role in copper metabolism.
Caenorhabditis elegans express one copper-transporting P-type ATPase, C. elegans homolog of ATP7A/B (CUA-1). CUA-1 shares 46.1% identity with human ATP7A protein and 42.6% with ATP7B. When expressed in yeast, CUA localises to a vacuolar membrane and corrects the growth defects of the mutant that lack endogenous Cu-ATPase CCC2 (Sambongi et al. 1997) . In worms, CUA1 exists as two variants generated from alternatively spliced mRNA: CUA1.1, which protects worms from copper overload by sequestering copper in lysosome-like granules, and CUA1.2, which is constitutively targeted to the basolateral membrane and responsible for exporting copper from the gut to peripheral tissues (Chun et al. 2017) . The CUA1.2 spliced variant in the gut is functionally equivalent to human ATP7A, whereas CUA1.1 may functionally resemble ATP7B. Characterisation of the ATP7B role in human intestine would help to determine whether C. elegans is a suitable model for WD. Fig. 1 A dendrogram demonstrating the evolutionary relationships of the P 1B -type ATPases from human, zebrafish, rat, mouse, macaque, sheep, Xenopus (frog), Drosophila (fruit fly), C. elegans (roundworm) and S. cerevisiae (yeast). Orthologues were identified on Blast and the protein sequences for each were identified on Ensembl and the dendrogram generated using Clustal Omega.
Zebrafish (Danio rerio), like humans, have two distinct genes for copper-transporting ATPase. The zebrafish orthologue of ATP7B, atp7b, is expressed in the liver, while atp7a is expressed in the notochord in developing embryos (Mendelsohn et al. 2006) . Our own work has expanded this observation to demonstrate, via in situ hybridisation, the expression of atp7b in the brain as wells as the liver up to 5 days post-fertilisation (Fig. 2) . Morpholino oligonucleotide-mediated knockdown of atp7b expression results in small-sized livers and brains with evidence of oxidative stress in the hindbrain, as demonstrated by increased heatshock protein 70 expression (Fig. 3) . These initial studies suggest that zebrafish may be a promising candidate for a small vertebrate model of WD and warrant further, more detailed characterisation in an atp7b stable mutant zebrafish line.
Rodent models
The toxic milk mouse 'Toxic milk' (tx) is a mouse strain on DL background, bearing a naturally occurring point mutation in Atb7b, at position 2135 in exon 8 of the mouse orthologue of human ATP7B, located on chromosome 8 (Rauch and Wells 1995; Reed et al. 1995; Theophilos et al. 1996; Voskoboinik et al. 2001) . The mutation changes methionine at position 1356 to valine, in the eighth transmembrane domain. This methionine is conserved in all copper ATPases including those from bacteria to yeast. This substitution causes loss of copper transport function and disrupts copper-dependent trafficking of Atp7b from the trans-Golgi network, a step essential for excretion of excess Cu (Theophilos et al. 1996; La Fontaine et al. 2001; Voskoboinik et al. 2001) . Of note, a pathogenic mutation at the same amino acid position (Met1359Ile) has been reported in a human WD patient (Davies et al. 2008) .
Original studies reported that pups of mutant females are copper deficient and show poor growth, hypopigmentation, tremors, abnormal locomotor behaviour and die within the first 2 weeks of life (Rauch 1983 ). This severe phenotype was predominantly attributed to the mutant mother producing copper-deficient milk (Michalczyk et al. 2000) and fosternursing by a normal female rescued these effects (Rauch 1983) . In rodents, copper content in tissues depends on age, which is especially apparent in the liver and the brain (Schaefer et al. 1999; Tarohda et al. 2004) . In newborns, the tissue copper content may also be dependent on the copper content in the milk. Atp7b is expressed in the mammary gland, where if facilitates transport of copper to the milk in response to hormonal stimuli (Michalczyk et al. 2000 (Michalczyk et al. , 2008 . Impairment of Atp7b-mediated copper incorporation into secretory vesicles and into ceruloplasmin contributes to the low copper content in the milk of Tx mice . However, Tx mice have low hepatic copper at birth, suggesting a contributing disturbance in the prenatal environment (Rauch 1983) . The loss of ATP7B in placental cells and copper misbalance may also contribute to copper dishomeostasis in fetal and new-born rodents (Muramatsu et al. 1998; Hardman et al. 2004) .
More recent studies have nevertheless suggested that foster nursing is not required if female breeders are kept within certain age (over 6-8 weeks) and the overall phenotype appears milder than originally reported (Czachor et al. 2002) . These mice still have reduced life-expectancy, with just 60% surviving to 1 year of age. The adult mice exhibit alopecia and severe tremors not seen in healthy controls (Czachor et al. 2002) . In older mice, the liver demonstrates pathological changes and copper levels rise in the liver, brain, spleen, kidney and eyes (Rauch 1983; Howell and Mercer 1994) .
A second tx mouse on a C3H/FeJ background (Atp7b tx-j or 'tx j ') was characterised by Cox and co-workers (Coronado et al. 2001) . Toxic milk Jackson (Atp7btx-J) arose spontaneously in strain C3H/HeJ in 1988. One outcross was made to C3HeB/FeJ and then sibling matings were used to maintain the stock (Jackson Laboratory T). This strain is commercially available through the Jackson laboratory, and it has now been actively employed for studies of Atp7b-dependent copper misbalance. The tx j mice have a single nucleotide mutation, which replaces glycine 712 with aspartate (Coronado et al. 2001) . In humans, the equivalent residue, Gly710, is a hot spot for mutations with replacement by Arg, Ser, Ala and Val reported in numerous patients (see
(g) (h) (i) Fig. 3 Atp7b deficiency results in marked reduction in the liver marker expression fabp10a and a severe neurological disease phenotype in zebrafish embryos at 4 days post fertilisation (dpf). (a-c) Whole mount in situ hybridisation using a probe for liver marker fabp10a was performed on control morpholino-injected, atp7b morpholino-injected and atp7b and p53 morpholino co-injected embryos. p53 morpholino co-injection was used to demonstrate that the phenotype was unlikely to be because of p53-mediated off-target effects of the morpholino. A decrease in expression of fabp10a, presumably reflecting a decrease in size or absence of the liver in was seen in atp7b morphants. Wilson disease mutation database {http://www.wilsondisea se.med.ualberta.ca/database.asp}).
Hepatic disease Tx J adult mice have high hepatic copper and reduced ceruloplasmin activity (Rauch 1983; Howell and Mercer 1994) . Homozygous tx J mice liver copper levels are elevated from as early as 3 weeks, reaching levels up to 100 times that of controls at 3-5 months (Rauch 1983; Koropatnick and Cherian 1993; Rauch and Wells 1995; Czachor et al. 2002) . Inflammation is seen at 6 months of age (Czachor et al. 2002) . At 3 months, prior to the development of overt liver disease, mitochondrial abnormalities became detectable. At this age, mitochondrial cristae have cystic dilatation at their tips, as seen in human patients with WD (Sternlieb 1968; Roberts et al. 2008) . Pleiomorphic changes, increased matrix density and electron-dense inclusions are seen in the mitochondria of 6-month-old tx J mice, while mitochondrial complex assays showed a 25% reduction in complex IV activity and elevated citrate synthase activity at 5 months (Roberts et al. 2008) . Liver histology is markedly abnormal with enlarged nuclei and intranuclear inclusions (Howell and Mercer 1994) . Nodules develop in the liver at 8-12 months with otherwise relatively normal gross morphology, high copper and low metallothionein levels (Czachor et al. 2002) . Mice heterozygous for the tx J mutation show impaired copper excretion. Following copper loading, they have increased hepatic copper concentrations compared to normal controls, though no histological changes are seen in the liver. These findings may be of relevance to human heterozygote carriers of ATP7B mutations (Cheah et al. 2007 ).
Neurological disease
Tx J mutant mice show defects in spatial memory and, to a lesser degree, in motor behaviour (Terwel et al. 2011) . Motor changes include a wide-based gait and shorter stridelength, resembling the neurological abnormalities seen in some WD patients. It remains unclear whether this apparent neurological phenotype is caused directly by the loss of Atp7b function in the CNS or results from metabolic abnormalities in the liver and general poor health of tx J mice at 12 months (Przybyłkowski et al. 2013a) . Fosternursed tx mice have increased copper levels in the brain, particularly in the cerebral cortex, striatum, thalamus, hypothalamus, cerebellum and brain stem, from as early as 3 months (Ono et al. 1997; Czachor et al. 2002; Allen et al. 2006; Terwel et al. 2011) . Zinc levels are also significantly increased in the striatum, hippocampus and cerebellum (Czachor et al. 2002) . While copper-induced apoptosis is evident in the livers of 10-month-old mice, neuronal apoptosis is absent in tx mouse brains (Chan et al. 2008) . However, there is a slight reduction in dopamine levels and raised serotonin (Terwel et al. 2011; Przybyłkowski et al. 2013b) . Tx J mice also show striatal inflammation without neuronal loss (Terwel et al. 2011) .
Treatment studies
Following penicillamine treatment at a dose of 200 mg/kg twice daily for 3 days, 16-week-old tx mice show increased serum and brain concentrations of free copper and decreased concentrations of protein-bound copper in the brain. With continued administration, for 10 and 14 days, total copper levels consequently decreased. The increase in free copper is associated with increased oxidative stress in the cortex and basal ganglia, suggesting a possible mechanism of the frequently observed neurological worsening in WD patients after initiation of chelation therapy (Chen et al. 2012) . Tetrathiomolybdate treatment for 2, 8 or 14 days significantly reduced hepatic copper and metallothionein. A transient increase in serum and, later, renal copper subsequent to initiation of tetrathiomolybdate therapy reflects the effect of tetrathiomolybdate treatment on urinary copper excretion (Czachor et al. 2002) .
The Atp7b knockout mouse
In 1999, the Atp7b knockout (Atp7b À/À ) mouse was generated on a hybrid C57Blx129S6/SvEv background via insertion of early termination codons into exon 2 of mouse Atp7b gene. This process produced a truncated Atp7b mRNA, resulting in a complete knockout of Atp7b protein, and loss of Atp7b function (Buiakova et al. 1999) . Atp7b
À/À mice are born with low hepatic copper, which rises to 27 times that of healthy controls at 1 month and 50 times that of controls at 2 months. After 2 months, no further rise in hepatic copper is seen (Buiakova et al. 1999) . High copper is also found in the kidney, brain, mammary gland and placenta of these animals. Contrary to hepatic copper, brain copper levels continue to rise throughout life. Like tx J mice, copper levels in the milk of mutant females are low. When breeding programme involves heterozygous Atp7b +/À females and homozygous males, the Atp7b À/À pups do not show obvious neurologic abnormalities, despite biochemical changes in the brain (SL, own data). If both parents lack Atp7b, pups may have neurological symptoms including tremor and ataxia. When such pups are born, the pathology appears early and the majority of these pups die within 3 weeks of birth unless they are foster-nursed by normal mothers (Buiakova et al. 1999) . Consistent with human WD, Atp7b À/À mice show impaired biliary excretion of copper, defective copper incorporation into ceruloplasmin, and increased urinary copper excretion (Buiakova et al. 1999; Huster et al. 2006; Gray et al. 2012) .
Hepatic disease
Liver pathology in the Atp7b À/À mice develops with time and depends on the length of copper exposure and intracellular copper distribution (Buiakova et al. 1999; Huster et al. 2006; Ralle et al. 2010) . Consequently, liver disease in Atp7b À/À mice can be broadly divided into three stages based on age (Huster et al. 2006; Ralle et al. 2010) . Stage I disease (up to 8 weeks), is characterised by mild or absent liver histopathology, with nuclear and mitochondrial pleomorphisms evident on light microscopy (Huster et al. 2006) . Serum transaminases and total bilirubin are already elevated at this stage. Copper accumulates in nuclei and cytosol (Ralle et al. 2010) and hepatic iron can also be elevated (Sauer et al. 2011) . The apparent lack of oxidative stress at this stage is thought to be as a result of the incorporation of copper into metallothioneins, which are markedly upregulated (Huster et al. 2007) . Instead, elevated copper cause significant changes in mRNA profiles by affecting components of mRNA splicing and trafficking machinery, as well as dysregulating activity of nuclear receptors (Burkhead et al. 2011; Wilmarth et al. 2012; Hamilton et al. 2016) . At this stage, genes involved cell cycle machinery and DNA repair are prominently up-regulated (Ralle et al. 2010; Wilmarth et al. 2012) , whereas lipid metabolism is downregulated (see details below). Between 13 and 20 weeks (stage II disease), widespread inflammation and necrosis is observed alongside further nuclear enlargement and bile duct proliferation (Huster et al. 2006) . Intracellular deposits appear at this stage and cytoskeleton and cell adhesion genes are up-regulated (Ralle et al. 2010 ). Merle and colleagues reported that hepatic iron continues to be elevated but we (SL) were unable to confirm this. In addition, serum iron and haemoglobin levels are low, suggesting that the low serum ceruloplasmin oxidase activity leads to defective iron homeostasis and anaemia in WD (Merle et al. 2010) . However, the status of iron homeostasis in Atp7b À/À mice and WD patients' needs further investigation because the results in either Atp7b À/À mice of human WD livers are inconsistent (Boaru et al. 2015; Hachmoller et al. 2016) . Levels of iron and zinc were reported as high in hepatic tissue of Atp7b À/À mice between 10 and 24 months, in concordance with samples from hepatic tissue of human WD patients (Boaru et al. 2015) ; however no significant change in hepatic iron levels was seen in the US Atp7b À/À mouse colony (own data, SL). Presently, we cannot explain the reasons for this discrepancy. Atp7b À/À mice have disturbances of iron metabolism in the intestine, which may contribute (Pierson et al. 2018) . Also, age may be a contributing factor. Furthermore studies are needed. Stage III disease (beyond 28 and 30 weeks), is characterised either by regeneration of liver parenchyma along with extensive bile duct proliferation consistent with cholangiocarcinoma (Huster et al. 2006 ). This stage is associated with transcriptional up-regulation of genes involved in the inflammatory response and fibrosis (Ralle et al. 2010; Hamilton et al. 2016) . Macroscopic changes in the liver of Atp7b À/À mice can be seen at 7 months, with irregular shapes and regeneration nodes apparent (Buiakova et al. 1999; Huster et al. 2006) . Oxidative stress is evident at this stage through changes in GSH levels and an increased GSSG : GSH ratio (Sauer et al. 2011) . Structural mitochondrial changes in stage III disease include condensation and increased matrix density, loss of cristae structure, progressive matrix loss and vacuolisation. Compensatory giant mitochondria with increased cristae are also observed (Yurkova et al. 2011) . Furthermore, there is altered respiratory chain function, with increased complex I and reduced complex II and III activity in the liver at 47 weeks (Sauer et al. 2011) . Increasingly coming to light is the role of altered lipid metabolism in WD. Deranged lipid metabolism and lipoprotein levels were first documented in the Long-Evan's Cinnamon (LEC) rat (Levy et al. 2007 ). However, most research in this area has been performed using the Atp7b À/À mice. Lipid and cholesterol metabolism genes are downregulated during all stages of the disease in Atp7b À/À hepatic tissue (Huster et al. 2007; Ralle et al. 2010) . Concomitantly, serum very low density lipoproteins and liver cholesterol are reduced (Huster et al. 2007) . Transcriptional analysis has implicated the reduced function of nuclear receptors, particularly the liver X receptor/retinoid X receptor heterodimer (involved in the regulation of lipid metabolism and the inflammatory response) in the pathogenesis of liver disease at the Stage I; the farnesoid X receptor (activation of which usually inhibits production of excessive concentrations of bile acids in the liver) becomes increasingly involved as disease progresses (Wilmarth et al. 2012; Hamilton et al. 2015; Wooton-Kee et al. 2015) . These abnormalities are also present in the liver of human WD patients (Hamilton et al. 2015; Wooton-Kee et al. 2015) . Furthermore, the abnormality in farnesoid X receptor function can be reversed in Atp7b À/À mice by the administration of zinc (Wooton-Kee et al. 2015) , while administration of an liver X receptor agonist can normalise lipid metabolism, decrease liver inflammation and fibrosis and improve liver function in Atp7b À/À mice (Hamilton et al. 2015) .
It should be noted that the relationship between copper and lipid metabolism in WD is far from being fully understood. Hepatic steatosis (fat accumulation) is a common clinical manifestation of human WD, observed in about 50% of patients (Liggi et al. 2013 ). These observations raised concerns that mice (who have down-regulated lipid metabolism at the early stage of the disease) may not adequately model human hepatic WD (Sintusek and Dhawan 2017) . The discrepancy is likely not so much because of the marked differences between the species with respect to Cu-lipid interactions (a recently developed mouse strain with Atp7b inactivated only in hepatocytes develops steatosis) but rather the inter-species and individual variations of modifying factors, which remain poorly understood (Muchenditsi et al. 2017) . One such modifying factor has recently been described by Ferenci and colleagues, who identified allelic variation in triacylglycerol lipase Patatin-like phospholipase domain-containing protein 3 and pediatric age as independent variables associated with steatosis (Stattermayer et al. 2015) . None of the published study has so far carefully compared copper levels/phenotypes in males and females, which could be an important variable as suggested by Muchenditsi et al. (2017) and Medici et al. (2016) .
Neurological disease
Why some WD patients develop neurological symptoms and others don't remains unclear. In Atp7b À/À mice, cerebral copper rises throughout life and is double that of controls by 11 months of age without developing a neurological/behavioural phenotype (Buiakova et al. 1999; Lutsenko 2008; Boaru et al. 2014) . Atp7b À/À brains also show signs of oxidative stress as well as respiratory chain dysfunction (Sauer et al. 2011) . Furthermore studies failed to demonstrate increased cerebral copper at 10 months of age, but found altered mitochondrial structure and deformed axons of basal ganglia neurons at this age. This suggests that copper mislocalisation rather than just copper toxicity may also be implicated in neurological WD (Dong et al. 2015) . Interestingly, the altered cholesterol metabolism seen in hepatic tissue is also evident in the brain (Sauer et al. 2011) .
The compensatory role of Atp7a
Copper misbalance caused by Atp7b inactivation in tissues where it is normally expressed (such as the liver and the brain) also affects organs and tissues where Atp7b is not normally present. For example, although Atp7b is not expressed in the mouse adrenal, activity of the adrenal cuproenzyme dopamine-beta-hydroxylase (DBH) is low in Atp7b À/À mice, resulting in reduced noradrenaline and adrenaline levels. The DBH mRNA levels and copper levels in the adrenal glands do not differ significantly from controls; however, DBH protein levels are lower (Gerbasi et al. 2003) . The mechanism behind these effects of Atp7b inactivation remains unclear. Copper elevation may cause ATP7A to move out of the trans-Golgi network towards the plasma membrane to export excess copper instead of supplying copper to copper-dependent enzymes. Such an Atp7a response to the loss of Atp7b function is observed in the Atp7b À/À mouse kidneys and cerebellum. Renal copper concentrations in 6-to 8-week-old Atp7b À/À mice are similar to that of controls. This is attributed to the re-localisation of Atp7a from intracellular vesicles to the basolateral membrane, suggesting that Atp7a attempts to compensate for the loss of copper export/sequestration function of Atp7b (Linz et al. 2008) . In the mouse cerebellum, ceruloplasmin is expressed in Purkinje neurons alongside Atp7b and Atp7a. Holoceruloplasmin, containing copper, is synthesised in the Atp7b À/À mice cerebellum, unlike in the liver, suggesting that Atp7a in these cells facilitates copper incorporation into ceruloplasmin (Barnes et al. 2005) .
Treatment studies
Using a lentivirus vector-mediated early gestational gene transfer of Atp7b in Atp7b À/À mice, Roybal et al. demonstrated that prenatal gene therapy could potentially be used as a treatment of WD. In this proof-of-principle study, the vector was introduced into mouse embryos at an age corresponding to approximately 8-9 weeks of gestation in humans. Characterisation of Atp7b À/À pups at 14 weeks postnatally (when liver disease is typically prominent) illustrated that liver morphology and copper incorporation into ceruloplasmin was restored as a result of Atp7b expression. However, the effect on hepatic copper levels was highly variable and the procedure of intracardiac injection was associated with a high mortality of 70% (Roybal et al. 2012 ). More recently, Murillo et al. (2016) achieved human ATP7B cDNA transfer using an adenoassociated vector serotype 8 under the control of the liverspecific alpha-1 antitrypsin promotor. The virus was administered via intravenous injection in 6-week-old mice. Improvement in liver function was seen at all treatment doses and restoration of ceruloplasmin function at the highest dose of treatment. Gene transfer was also associated with normalisation of liver function up to 6 months of age, paralleled by normalised copper excretion in the bile. This careful and very promising study, nevertheless, highlights the need for better understanding of WD-related mechanisms. Either low or high dose of the virus resulted in expression of recombinant Atp7b at protein levels that exceeds endogenous Atp7b normally present in the liver, yet only high dose of virus provided a fairly complete and sustained beneficial outcome. This observation may suggest that limiting expression of Atp7b only to hepatocytes (using the low dose of the viral vector) may not be sufficient to ameliorate the disease and that restoration of Atp7b function in both parenchymal and nonparenchymal liver cells is required for complete normalisation of liver function. This hypothesis is supported by recent findings in mice with selective deletion of Atp7b in hepatocytes (Muchenditsi et al. 2017 Cu-linked radioactivity in the brain (Peng et al. 2012a) . Administered orally, the radioactive copper showed prolonged trapping in the gut and higher radioactivity in the kidneys (suggesting increased urinary excretion) in Atp7b À/À mice relative to controls (Peng et al. 2012b) . A longitudinal study using the orally administered tracer demonstrated reduced hepatic 64 Cu uptake (suggesting a decrease in copper absorption in the diet) and associated increased urinary excretion of copper with age in Atp7b À/À mice ).
Long-Evans Cinnamon rat
The LEC rat is the most extensively researched rodent model of WD.
History and characterisation
In 1987, an inbred strain of the Long-Evans rat with cinnamon colouring was initially thought to have hereditary hepatitis (Yoshida et al. 1987; Sawaki et al. 1990) . Several features of the LEC rat then strongly suggested it as a suitable animal model for WD. This included the autosomal recessive nature of the pathological trait (Yoshida et al. 1987; Masuda et al. 1988 ) and the identification of high hepatic copper levels causing the hepatitis (Sugawara et al. 1991; Okayasu et al. 1992) . Following the identification of ATP7B as the causative gene for WD in human patients in 1993 (Bull et al. 1993; Tanzi et al. 1993; Petrukhin et al. 1994) , a 900 bp deletion within the 3 0 end of the Atp7b gene was identified as the causative mutation in this rat strain, resulting in loss of protein expression (Wu et al. 1994) .
Experiments in the LEC rat were instrumental in developing early understanding of ATP7B function and copper metabolism. Copper accumulates in the livers of LEC rats in concentrations up to 40 times that of controls (Sugawara et al. 1991) . Through detection of low serum and biliary copper and low serum ceruloplasmin, it was evident that the LEC mutation impaired biliary excretion of copper and copper incorporation into ceruloplasmin, resulting in hepatic copper accumulation (Sugawara et al. 1991; Yamada et al. 1993; Abe et al. 1994; Murata et al. 1995) . By partially ameliorating these defects with recombinant adenovirusmediated delivery of human ATP7B into the LEC rat, Terada et al. (1998 Terada et al. ( , 1999 demonstrated the dual functions of ATP7B in the biliary excretion of copper and in copper incorporation into ceruloplasmin.
Hepatic disease
Hepatic copper in the LEC rat increases from 4 weeks to the onset of hepatitis and declines thereafter (Klein et al. 1998; Hayashi et al. 2004) . While serum copper is usually low, the decrease in hepatic copper seen following hepatitis is associated with an increase in copper in the serum (Sugawara et al. 1992; Komatsu et al. 2002) . At 12-16 weeks the LEC rats develop fulminant hepatitis with jaundice, subcutaneous bleeding, oliguria, weight loss and convulsions (Yoshida et al. 1987) . Those LEC rats that survive the hepatitis then develop hepatocellular carcinoma between 31 and 81 weeks of age (Yoshida et al. 1987; Sawaki et al. 1990) . Liver histology demonstrates inflammation with focal necrosis, enlarged hepatocytes, steatosis, nuclear enlargement, oval cell proliferation and cholangiofibrosis, and additional hepatocellular carcinoma and cholangiocarcinoma in older rats (Yoshida et al. 1987; Li et al. 1991; Irani et al. 2001; Lee et al. 2011; Siaj et al. 2012) .
Experiments in LEC rats helped delineate the role of metallothioneins in the pathophysiology of WD. The increase in metallothionein expression in hepatic tissue of LEC rats correlates with the extent of copper accumulation (Yamada et al. 1992; Klein et al. 1997) . They function in an antioxidant capacity by binding excess copper to prevent the formation of hydroxyl radicles through Haber-Weiss reactions (Klein et al. 1997; Nakamura et al. 1997; Shishido et al. 2001) . Copper-loaded metallothioneins are subsequently incompletely degraded in lysosomes (Nakamura et al. 1997; Klein et al. 1998) .
Considerable evidence from LEC rat livers supports the role of oxidative stress in the pathophysiology of WD hepatitis. Copper accumulation is associated with membrane lipid peroxidation and DNA damage, which increases with age (Yamashita et al. 1996; Klein et al. 1998; Hayashi et al. 2000; Nair et al. 2005; Samuele et al. 2005; Levy et al. 2007; Wang et al. 2011) . Furthermore, levels of hydrogen peroxide and lipid peroxide in the serum increase during acute hepatitis (Yasuda et al. 2006) . Oxidative stress is associated with the up-regulation of genes of protective proteins including Mn-superoxide dismutase (Sod-2), heatshock protein 70 (Hsp70) and Akr1b7 Klein et al. 2003; Jia et al. 2006) .
Mitochondrial damage occurs in correlation with increased mitochondrial copper resulting in altered mitochondrial morphology with matrix condensation, enlarged cristae and widened intramembrane spaces evident from 7 weeks of age. These changes appear to precede oxidative stress response. In LEC hepatocytes, oxidative stress (as measured by reduction in mitochondrial aconitase activity, depletion of unsaturated mitochondrial fatty acids) and defects of oxidative phosphorylation, occurs at a late stage (around 16 weeks of age) and not before the disease is clinically apparent (Zischka et al. 2011) .
Inflammation and steatosis are also observed with an increase in the number of Kupffer cells and polymorphs as well as an up-regulation of inflammation-related genes Fong et al. 2004; Levy et al. 2007 ). Apoptosis follows, potentially mediated by tumour necrosis factor alpha Fong et al. 2004; Lee et al. 2011) . Iron accumulates in liver of LEC rats in an age-dependent manner (Sugawara et al. 1992; Kato et al. 1996) . Free iron in particular increases during hepatitis and is believed to contribute to the tissue damage via further generation of free radicals (Kato et al. 1996; Sugawara et al. 1999b) . Iron accumulation alone, however, is not sufficient to cause DNA damage, which is a consequence of the copper accumulation (Hayashi et al. 2000) .
Neurological disease
Over time, copper also accumulates in the brains of LEC rats (Li et al. 1991) . Initially, at 4 weeks of age, copper concentrations in the cerebellum, medulla oblongata, pons, hypothalamus, mid-brain, thalamus, striatum, hippocampus and cerebral cortex are lower than those in controls (Saito et al. 1995; Hayashi et al. 2006) . At this early stage, neurological copper deficiency is associated with altered monoamine metabolism: global noradrenaline deficiency and dopamine excess in the cerebral cortex but deficiency in the striatum (Saito et al. 1996; Samuele et al. 2005) . By 20 weeks of age, copper levels in the cerebellum, medulla oblongata, pons and hypothalamus are elevated at levels up to 6 times higher than in healthy controls (Saito et al. 1995; Hayashi et al. 2006) . The rise in copper levels in the brain coincides with the decrease in hepatic copper, suggesting copper is released from damaged hepatocytes and is deposited in the brain (Hayashi et al. 2006) . At this age, there is no abnormal accumulation of copper in the striatum or substantia nigra, the areas of most interest in modelling human WD. Accordingly, no nigrostriatal degeneration is seen at this stage (Kawano et al. 2001; Ahn et al. 2005) . Striatal copper continues to accumulate over time and is significantly higher than controls by 30 weeks of age (Kim et al. 2005b) . The observation of increased copper/zinc superoxide dismutase levels at 11 weeks and of lipid peroxidation in the striatum at 14 weeks suggests the presence of oxidative stress but overt nigrostriatal degeneration does not occur. Cu/Zn-SOD levels are also raised at 11 and 14 weeks in the cortex, while Mn-SOD levels are increased in the dopaminergic neurons of the substantia nigra at 14 weeks (Kim et al. 2005a; Samuele et al. 2005) . This 14 week time-point typically marks the onset of chronic hepatitis in the LEC rats (Yoshida et al. 1987) . Elsewhere in the brain, catecholaminergic (TH-positive) cell densities are reduced in the cingulate cortex, hippocampus and cerebellum of LEC rats at 4 and 10 weeks of age, reflecting reduced density of noradrenergic fibres in these areas associated with deficiency of dopamine-beta-hydroxylase (Saito et al. 1996; Kawano et al. 2001) . Oxidative DNA damage is detectable in the brain as a whole from 12 weeks (Wang et al. 2011) . Evaluation of DNA damage in the cerebrum and cerebellum of LEC rats via detection of DNA single strand breaks demonstrated a decrease in the number of healthy nuclei, with severe DNA damage occurring from 24 weeks (Hayashi et al. 2006) . Ferrous and ferric iron levels are noticeably elevated in the substantia nigra and striatum (Kim et al. 2005b) . Furthermore, transcription levels of genes for iron metabolism-related proteins, ceruloplasmin and hepcidin are increased in the LEC brain (Lee et al. 2013 ). Lee and coworkers unlocked many potential molecular processes involved in neurologic WD through gene expression studies in LEC rat brains. The affected pathways included mitochondrial respiration, S-adenosylhomocysteine metabolism and calcineurin-related processes. Of particular note was the up-regulation of alpha-synuclein (involved in the pathogenesis of Parkinson's disease) and genes related to amyloid precursor protein (involved in the pathogenesis of Alzheimer's disease) (Lee et al. 2013) .
Renal disease
Copper also accumulates in the kidneys of LEC rats from 12 to 18 weeks and reaches levels 10-20 times that of healthy rat controls (Hayashi et al. 2005) . However, prior to development of hepatitis, renal copper is significantly lower than in controls (Sugawara et al. 1991) . DNA single strand breaks are seen in the renal cortex, correlating with the increase in copper concentration. Of note, DNA damage in the kidneys occurs prior to the onset of liver disease (Hayashi et al. 2005) .
Treatment studies
Penicillamine given at a dose of 100 mg/kg/day over 12 weeks prevents the onset of hepatitis in LEC rats with reduction in hepatic and serum copper and increased urinary copper excretion . Trientine hydrochloride given from 6 weeks of age at 1500 parts per million (ppm) in drinking water also prevents the development of hepatitis. When given at the same dose from 8 to 35 weeks and at 750 ppm thereafter, trientine prevents the development of hepatocellular carcinoma up to 87 weeks of age (Sone et al. 1996) . Hepatic copper is reduced by approximately 50% with trientine, but remains at levels significantly higher than controls. Trientine also reduces hepatic and renal DNA damage and renal copper (Sone et al. 1996; Hayashi et al. 2004 Hayashi et al. , 2005 .
Tetrathiomolybdate detoxifies copper via the formation of molybdenum-copper complexes. These complexes are initially deposited in the liver but subsequently result in the excretion of copper in bile (Lai and Sugawara 1997; Ogra et al. 2000; George et al. 2003) . Tetrathiomolybdate given as a single intraperitoneal injection of 10 mg/kg after the onset of hepatitis results in clinical improvement of hepatitis and reduced hepatic copper within 4 days (Klein et al. 2004) . Given subcutaneously for 65 days from 8 weeks of age (before the onset of hepatitis), at a weekly dose of 5 mg/ kg, tetrathiomolybdate lowers hepatic copper but does not improve liver function parameters or weight. Furthermore the treatment appeared to increase hepatic iron and redistribute hepatic copper to the kidney, spleen and testes (Sugawara et al. 1999a) .
Zinc reduces hepatic, renal and intestinal copper and iron (Medici et al. , 2005 Santon et al. 2003) . It acts via upregulation of metallothionein in the liver and intestines, resulting in reduced copper absorption in the gut because of increased binding of copper to metallothionein in the intestinal cells lining the gut walls (Santon et al. , 2003 . Eight weeks of oral zinc acetate (50 mg/mL/day) initiated before the onset of hepatitis at 5 weeks of age prevents the onset of acute hepatitis (Medici et al. 2005) .
Experimental treatments beneficial in the prevention of hepatitis in LEC rats through protection against free-radicals include D-mannitol, N-acetylcysteine, D-galactosaminehydrochloride, proline solution, ascorbic acid, alpha-lipoic acid and thioredoxin (Hawkins et al. 1995; Yamamoto et al. 2001; Otsuka et al. 2006; Fu et al. 2014) . Combined treatment with proline and ascorbic acid have an additive protective effect in the prevention of hepatitis (Hawkins et al. 1995) .
Chelation treatment with N-benzyl-D-glucamine dithiocarbamate is also protective in the LEC rat. It stimulates biliary copper excretion and prevented rises in serum ALT and bilirubin and protected against histological changes in the liver. With this treatment, no copper build up is seen in the brain and hepatic iron accumulation was prevented (Shimada et al. 2005) . Similarly, excess dietary histidine stimulates urinary excretion of copper and decreases hepatic copper in the LEC rat (Xu et al. 2003) .
LEC rats have been repeatedly used in the development of protocols for hepatocyte transplantation as a treatment of WD and other metabolic liver diseases. Different methods of preconditioning and transplantation have been attempted in this rodent model of WD with varying degrees of success (Yoshida et al. 1996; Irani et al. 2001; Malhi et al. 2002 Malhi et al. , 2008 Joseph et al. 2009; Sauer et al. 2012) . Similarly, Katsuda et al. (2010) developed a hyaluronic acid sponge as a scaffold for healthy hepatocytes which they embedded into the mesentery of LEC rats with reduction in liver pathology, lowered plasma copper and prevention of jaundice, while Chen et al. (2014) transplanted ATP7B-transduced mesenchymal stem cells with improvement in hepatic copper levels and liver function. In contrast to studies aiming at the prevention of hepatitis, Ueyama et al. (2010) developed a strategy of treating established hepatitis in LEC rats with a single blood exchange. All animals treated with blood exchange survived the hepatitis, compared to a 50% mortality in untreated controls.
Novel investigations
New imaging modalities assessed in LEC rats include: (99) Tc-mebrofenin scintigraphy, in which the handling of (99) Tc-mebrofenin correlates with liver morphology, function and copper accumulation (Malhi et al. 2002) ; whole-body positron-emission tomography using radio-isotope 64 Cu bound to L-histidine, demonstrating hepatic uptake of radiolabelled copper with failure of biliary excretion in LEC rats ; and single-photon emission computed tomography imaging of radio-labelled prion protein injected into the tail vein demonstrating increased radioactivity in the LEC rat livers (Yezdimer et al. 2013) .
Relative exchangeable copper (REC) has been proposed as a serum diagnostic marker for WD. Exchangeable copper is the fraction of copper in the serum that is labile and predominantly bound to albumin. Its derivative, REC, is the ratio of exchangeable copper to total copper in the serum, expressed as a percentage. In the rat, a REC of 19% discriminated between LEC rats and controls at a sensitivity of 97.3% and a specificity of 100% (Schmitt et al. 2013) . Serum metallothionein levels rise in the serum and urine during the hepatitis stage (Nakazato et al. 2012) . This finding was more recently echoed in human WD and has been proposed as a further potential serum marker (Nakazato et al. 2014) .
Limitations LEC rats have additional mutations in the gene for serotonin N-acetyltransferase (NAT), which is involved in melatonin production and a further unspecified mutation with Mendelian inheritance responsible for their cinnamon coat colour (Ahmed et al. 2005) . Lymphoid abnormalities are also present in the LEC rat and include splenic and thymic hypoplasia. These are apparently unrelated to Atp7b deficiency and because of deletions in Ptprk (encoding protein tyrosine phosphatase kappa) and Themis. There is maturational arrest of CD4+ cells in the thymus, resulting in Thelper immunodeficiency (thid) with unknown implications on the hepatic phenotype (Chai et al. 1996; Jung et al. 2001; Asano et al. 2007; Iwata et al. 2010) . Other features of the LEC rat limiting its use in modelling WD include the frequent occurrence of hepatocellular and cholangiocarcinoma. This is not concordant with human disease, in which progression of liver damage to carcinoma occurs in only 1.2% of patients (Pfeiffenberger et al. 2015) . Also unlike human disease, Kayser-Fleischer rings are absent in the LEC rat (Li et al. 1991) . The absence of a convincing neurological phenotype is another limitation that prevents the use of the LEC rat in the modelling of neurological WD.
LPP rats
To eliminate contributions of non-Atp7b mutations to the phenotype, Ahmed et al. (2005) crossed LEC rats with PVG rats, which are wild-type for NAT, Atp7b and coat colour. This procedure yielded a new strain of rat with wild-type NAT and coat colour but with mutated Atp7b, termed the LPP rat. LPP rats progressively accumulate hepatic copper and show biochemical signs of liver disease developing from around 90 days of age. Once hepatic disease becomes evident, untreated LPP rats die within 30 days (Zischka et al. 2011) . The microscopic appearance of LPP livers mimic those of human disease, with progressive fibrosis and mitochondrial abnormalities such as widened intramembranous spaces and cristae dilatation (Lichtmannegger et al. 2016) .
Treatment studies LPP rats were used in treatment studies using the bacterial peptide methanobactin. Methanobactin removed copper from LPP livers, especially the mitochondrial compartment. Furthermore methanobactin was effective as a long-term chelator and in the treatment of acute hepatic failure, whereby twice daily injections for 1 week restored hepatic copper levels, liver function and body weight and prevented death in the otherwise moribund animals (Lichtmannegger et al. 2016) .
Larger mammal models
A high incidence of hereditary copper toxicosis is found in several purebred canine populations, including the Dalmatian, the West Highland White terrier, the Dobermann, the Bedlington terrier and Labrador retrievers. Hereditary canine copper toxicosis shares several phenotypic similarities with WD including copper accumulation in the liver, onset in adolescence to middle-age and response to treatment with D-penicillamine (Fieten et al. 2012b) . Until recently, none of these were established as models of WD. Bedlington terrier copper toxicosis was originally hypothesised to be a canine model of WD, however identification of the causal mutation instead resulted in the discovery of a new protein involved in copper homeostasis, COMMD-1 (van De Sluis et al. 2002) .
Labrador retrievers
In 2016 a Genome-wide association study of copper toxicosis in the Labrador retriever demonstrated that an arginine to glutamine mutation in the C-terminus ATP7B was associated with increased hepatic copper levels, thus establishing it as a further animal model of WD (Fieten et al. 2016) .
Expression of the mutant protein in a cell line demonstrated impaired trafficking from the endoplasmic reticulum in high copper conditions. The mutation also results in failure of copper excretion in polarised hepatocytes (Fieten et al. 2016) . Labrador retriever copper toxicosis is more common in female dogs (Fieten et al. 2012b) . In Labrador retrievers, it appears that a concurrent mutation in ATP7A modifies the effects of the causative ATP7B mutation by reducing hepatic copper, particularly in male dogs. It is therefore possible that similar mutations in human ATP7A in WD patients could explain some of the phenotypic variance seen in human WD (Fieten et al. 2016) .
Hepatic disease
The mean age of presentation of hepatitis in Labrador retrievers is 7 years (Hoffmann et al. 2006) . Affected dogs present with signs of liver disease including weight loss, jaundice and ascites, developing over days to weeks. Without treatment, affected dogs rapidly deteriorate, however the condition responds well to penicillamine (Hoffmann et al. 2006) . Hepatic copper is elevated, accumulating in the centrolobular region (Hoffmann et al. 2006) . Electron microscopy of affected livers demonstrates copper-laden lysosomes and fibrosis, comparable to human WD (Fieten et al. 2016) . However, there are histological differences, including the absence of Mallory bodies and fatty degeneration (Fieten et al. 2016) . Hepatic copper is further elevated by increased dietary copper and low dietary zinc (Fieten et al. 2012a) .
Similar to other models, metallothionein gene expression is altered throughout disease. metallothionein 1A is upregulated in high copper conditions but down-regulated in chronic hepatitis. Gene expression analysis also demonstrates up-regulation of amyloid precursor protein genes in high copper chronic hepatitis and up-regulation of COMMD1 in early disease (Dirksen et al. 2017) .
Neurological disease
In common with other models, neurological disease has not been identified in the Labrador retriever model and KayserFleischer rings are absent (Fieten et al. 2016) .
Conclusion
The existing models of WD all show good similarity to human hepatic WD and have been helpful in developing an improved understanding of the human disease. These animals offer a spectrum of liver disease ranging from mild liver disease in tx mice to more pronounced pathology in the Atp7b À/À mice to fulminant liver failure and death in the LEC rat (Yoshida et al. 1987; Howell and Mercer 1994; Czachor et al. 2002; Huster et al. 2006) . As mammals, the mouse, rat and canine models also benefit from high homology to the human genome. However, the time necessary for the assessment of any compound on the phenotype, the resulting cost and ethical considerations prevent their use in high-throughput experiments (Williams and Hong 2011) . Furthermore, important differences exist between these mammal models and human disease, particularly the absence of a convincing neurological phenotype. As neurological worsening can be observed in all currently available treatments for WD (Merle et al. 2007) , the need for more research in this area is evident. These factors suggest the need for additional models of WD, especially a model which would accurately reflect the neurological pathology seen in WD patients and could be utilised in high-throughput screens for the identification of neuroprotective compounds.
